advances in detector technology and solidphase separation systems, as well as the availability of powerful desktop computers, have made possible the development of "second-generation" solid-phase immunoassays. These retain the advantages of classical solid phase while significantly accelerating reaction kinetics. Hapten assayssuch as for digoxin, thyroxin, and triiodothyronine uptake-in batches of 48 are processed in about 20 mm from reagent introduction until hard-copy printout, with minimal operator involvement. The system also functions as a 48-detector gamma counter, capable of counting and reducing data for any '251-based RIA that can be run in a 12 x 75 mm test tube. System control, data management, and computer screen displays of kinetic data are provided by an unmodified Hewlett Packard HP-87XM computer. User-friendly discbased software facilitates the creation and storage of counting and data reduction protocols for as many as 30 AlAs from various manufacturers as well as up to 30 of our own assays.
tinely since the 1940s (10, 11) in high-energy physics. Initially they resembled Geiger tubes, gas-filled cylinders with an anode wire down the axis. Such devices were limited to giving positional information, telling only that a particle had or had not traversed the counter's volume. The work of Many wires were placed side by side in a common gas, but each wire was connected to a separate electronic circuit. Thus it became possible to locate tracks to the nearest millimeter or better, simply by recording which wire each particle "hit" (i.e., deposited the most energy on). Such detectors are both more stable and less expensive to build than Nal detectors and therefore offer distinct advantages in a multiwell system.
With the equipment we discuss, a flexible data-management system is provided for manipulation and analysis of the assay results. This can include an optional "history" system, for preparing quality-control reports and graphs. Results from more than 250 48-tube assay runs may be stored on each floppy disc, and this data can be collected during use of the system as a gamma counter or as an assay processor, or entered manually. Nine different control values as well as parameters such as assay sensitivity, curve midpoint, and slope can be tracked. Histograms and reports of patients' results allow each laboratory to establish its own reference ranges for its population of patients.
Materials and Methods

Instrumentation
The KinetiCount 48 Immunoassay
System (Medical & Scientific
Designs, Inc., Rockland, MA 02370) is driven by an unmodified HP-87XM microcomputer (Hewlett-Packard, Corvallis, OR 97330). Several simple moving parts in the instrument allow it to function as an assay processor and as a gamma counter. An electric motor lowers and raises the antibody-coated solid-phase receptacles into and out of the reaction tray drawer. Another motor allows the solid-phase receptacle in each gamma counter position to access four different reagent wells in the reaction tray drawer. The drawer and lid are manually operated and are fitted with switches monitored by the computer to ensure that they have been properly closed during certain critical reaction steps. The low air pressure and the heated tray drawer used to accelerate the reactions are monitored and controlled electronically.
The heart of the instrument is the array of 48 proportional wire counters arranged in eight rows of six detectors. brass outer housing. These wires are ganged on the same detection circuit and surround a region of defined geometry. Any x-rays or gamma rays originating inside that region have a certain probability of causing ionization in the surrounding gas container, which will register on the wires. The amplitude of the signal from the wires is proportional to the x-ray or gamma ray energy, a feature that can be used to distinguish the decay of one nuclide from another or from background processes.
Theory of operation. The sequence of steps in detecting the decay of an 125J nucleus is as follows: The decay of 125! produces gamma rays with 35.5 or 27.5 keV of energy. For each decay, there is a 53% probability that two such gamma rays will emerge, and a 40% probability that one will emerge (13). The inner wall of the chamber is thin enough to allow approximately 90% of the emerging gamma rays to pass into the gas-wire envelope. Because xenon is a neighbor element to iodine, the energy levels of its electron shells are ideally suited for photoelectric absorption of the 1251gamma rays. At a pressure of 500 kPa, and with the relatively small chambers in the present system, the probability of detecting a single 1251 gamma ray is 23%. Given that more than half of the time the decay involves two gamma rays, the probability of detecting a decay is closer to approximately 30%. Each detected decay corresponds to a deposition of 20 keV or more of ionization energy in the gas and is roughly equivalent to the release of 1000 electrons. By operating with a gas gain (multiplication of electrons in the cascade by the anode wire) of 10 to 105, the wires will register several picocoulombs of collected charge per decay (Figure 2 ). The signal generated by this gain factor can easily be amplified by inexpensive preamplifiers to a level suitable for storage in a computer memory without venturing too close to the boundaries of electrical breakdown. Moreover, the signal is easily distinguished from most sources of background noise.
Operation of the gamma counter.
To use the gamma counter, one loads plastic 12 x 75 mm tubes into the plastic well liners (which also serve as reaction chambers when the system is used as an assay processor).
After the operator selects a previously created and stored counting and datareduction protocol, the system makes a rapid estimate of the tube with the highest counts in the array and displays on the computer screen an appropriately scaled bar graph display of counts vs well number. During the 3-mm counting period the cumulative display is updated at 10-s intervals, allowing a rapid overview of the entire batch of tubes being counted. Data reduction proceeds similarly to that for the proprietary solid-phase reagents and is described in the Discussion.
Operation of the assay processor. Liquid reagents such as tracer buffer and samples are pipetted into the disposable plastic reaction trays, which are loaded into the reaction tray drawer in the lower front part of the instrument.
The solid-phase receptacle of the KinetiCount 48 resembles a pipette tip that is closed on the top and has a small opening at the tip; this allows liquid to enter and leave the receptacle ( Any receptacle that appears to have significantly less radioactivity than the others in the array is pointed out. 
Data-Management System
All of the software is provided on four discs ( Individual wells that differ significantly from the average are shown as spikes or notches on the average bar. After three cycles (i.e., 3 mm of incubation), the outline of a standard curveisbarely discernible in wells 1-12; by cycle 6 the standard curve is more clearly visible. The sample in wells 31 and 32 displays high counts, indicating low dose. The sample in 35 and 36 displays low counts, indicatinga higher dose. y-axis,relative response, from 0 to 24 000 counts which enable the system to function as a processor of solidphase receptacle assays, as a gamma counter, and as a datamanagement station for manually entered data. It also provides access to the two other program discs, the Utility disc and the History disc. The Data disc provides storage for information such as assay data, calibration data, and datareduction protocols. Each time an assay is processed or the radiation is counted, or whenever data are entered manual- 
Results
Counter Stability
To study short-term stability, we placed 48 gammaradiation sources in the 48 wells and counted for 3 mm/h, over a 10-h period. The counts detected were typically in the range of 40000 to 70000 in the 3-mm interval. Given the well-understood statistical nature of radioactive decay, the error in counting any radioactive sample is equal to the square root of the number of counts detected, so that the expected CV was around 0.4%. For the 10 sets of 48 readings, the average theoretical CV was calculated to be 0.42%; the average observed CV was 0.46%.
Longer-term stability has been measured by repeated
comparisons with calibrated Nal counters over a period of six weeks. In these comparisons we used a variety of test tubes with various concentrations of 'I. Reproducibility of count rate included all the normal handling and positioning of tubes, as well as long-term changes in the proportional chambers, their electronics, and the power supplies. The average disagreement in count rates was less than 1%. It is important that a given sample count is the same, regardless of which detector cell is counting. To check this, we counted a specimen generating 20000 counts per minute in each of the 48 wells. The inter-well CV measured was 0.84%, compared with the theoretical CV of 0.7 1%.
Gamma Counter Results
Tubes from a previously run coated-tube assay for thyroxin were counted and evaluated with the KinetiCount 48
System. The results were compared with data obtained with a conventional multihead gamma counter and commercially available software.
Excellent agreement was obtained between the two counters, as shown by the regression analysis data accompanying Figure 6 (top). When these counts are converted into doses, both by the commercially available software for the conventional multiwell counts and by our data-management system for the counts obtained on our system, correlation is again excellent (Figure 6, bottom) .
Other studies, involving a wide variety of reagents, have shown similar agreement when the system is used as a gamma counter and (or) as a data management system.
Assay Performance
Reproducibility studies, as measured by a random sampling of coated receptacles assayed at the midpoint of the standard curves, consistently show CVs of counts of 1.5-
2.5%.
Results of inter-and intra-assay precision studies for digoxin are shown in Table 1 . The analytical recovery of the digoxin assay is reported in Table 2 . The specificity of the digoxin assay, tested in cross-reactivity studies, is shown in Table 3 . Precision and accuracy are comparable for T4, T3 uptake, and T3. In addition, we determined reference intervals for these analytes with sera from apparently healthy blood donors, selected without conscious bias ( Figure 7 ). . .
FIg. 7. Referenceinterval studiesfor Phase II thyroid-function kits
Bars indicatethe number of patients' samples that fall intoa particular range: while the superimposed smooth curie represents the idealized normal distribu- Results of correlation studies between these reagents and conventional reagents are shown in Figure 8 . All three thyroid-function tests show good agreement with published reference intervals for normal subjects (19-21) . Nonetheless, every laboratory using these reagents should establish its own reference intervals for its own patient population.
Discussion Detectors
Proportional wire detectors
have several intrinsic advantages over conventional Nal crystal detectors. The simplicity of design and manufacture assures low cost and reliability. There are no halide crystals to hydrate, corrode, or age and no vacuum tubes to cause baseline drift with time. It is difficult to imagine a device chemically and mechanically more stable than a hermetically sealed metal can ifiled with a noble gas. Efficiencies are essentially locked in at manufacture, where critical variables such as geometry and xenon pressure are tightly controlled. A traditional Nal counter has a cup-shaped crystal shielded against external radiation, and is joined at the bottom to a photomultiplier tube in such a way that light pulses originating in the Nal crystal are detected by the photomultiplier tube. In comparison with these "well-counters," the present device is simpler, more compact, and less expensive. It requires virtually no shielding, because it is nearly insensitive to all radiation but that from 125J, as discussed below. The stability of operation is superior to that of Na! crystal-photomultiplier combinations. Moreover, it is well suited to an application in which a tube extends through the sensitive region, allowing access immediately below the counter. Finally, because of the small size and low cost per cell, we have been able to combine 48 detectors of this type to develop a sensitive gamma counter.
Specificity of Gamma Detection
For a detector dedicated to a certain operation (e.g., RIA counting of 125! radioactivity), rejection of other signals makes the device less sensitive to backgrounds and decreases contamination of the operating environment by other radionuclides.
Because the detector is "tuned" I, it has reduced efficiency for counting disintegrations of 129j, the long-lived isotope often used for gamma-counter calibration. In fact, any counter will have a different response for 129j and 1251 but this is often overlooked because the Na! well-counters are sufficiently similar to one another that the suppliers of 129j can quote a fixed scale factor for 'I simulation. For an equal number of 125J and 129! decays, an idealized counter, which would surround the sample and register 100% of all The removable plastic well liners may be cleaned or replaced if they become contaminated.
When the system is
closed and is at rest, it automatically reviews the background counts in each well and alerts the operator of a possible contamination when a background count is significantly higher than usual for that particular well.
Each time the radioactivity in an assay is couted on the system, the raw count data, the counting and data-reduction protocol information, and the curve-fit parameters are stored automatically on a floppy disc. The output on the display screen continually informs the operator as to how full the History system is. The ability to group a large, stable array of counters economically provides a system having a potential throughput of 1000 tubes per hour.
Reaction Kinetics
The geometry of the solid-phase receptacles and the mixing of the liquid reactants substantially 
Assay Processor
The KinetiCount 48 assay processor and data-management system is flexible and allows the operator to monitor the reactions in process. The bar graph (Figure 4 At the completion of the last cycle, the pressure is released for the last time and a final count of the antibodybound radioactivity is taken for each of the solid-phase receptacles. These data are first subjected to a least-squares log-logit fit, which is displayed on the computer screen as a plot of counts (or BIB0 or BIT) vs log standard dose. The system then starts a four-parameter logistic (4 PL) fit of the same data, using the derived logit-log parameters as the starting points (24). When two successive iterations improve the squared residuals by less than 0.1% for the calculated backflt and actual standard curve points, the 4 PL fit is considered to have converged. The standard curve from this fit is superimposed on the log-logit fit, which is still on the display screen. With most solid-phase assays the logit fit does an adequate job in the low-and medium-dose standards but often flattens prematurely in the high-dose region. The Edited data points are notated and omitted from data reduction, but are never lost and may easily be restored.
When the operator accepts the data plot, the system automatically stores the raw count data, the assay protocol information, and some curve-fit parameters on disc. Hardcopy print-out is also provided.
Besides the assays already mentioned, assays for free T4, cortisol, phenytoin, theophylline, beta-choriogonadotropmn, and thyrotropin are being developed. All require substantially shorter incubation times than comparable assays currently available commercially, and their performance is comparable with the results described here, as will be discussed in future communications.
